behavioral repertoires and influencing perceptual decicorrespond to the previously reported muscle twitches. When an obstacle was placed between the hand and sions. In most cases, the duration of the stimulation train the mouth, the hand did not move around the obstacle is chosen to match the time course of the behavior being during stimulation but hit it and was stopped. studied.
Hand-to-mouth postures were evoked from 12 neighElectrical stimulation has also been used to investiboring sites (eight electrode penetrations) in monkey 1. gate primary motor and premotor cortex. Most previous
The location of these sites in the precentral gyrus is studies of motor and premotor cortex used short stimushown in Figure 7 . A similar cluster of ten hand-to-mouth lation trains, usually less than 50 ms, that evoked brief sites was found in monkey 2. In all cases, the movement muscle twitches (e. tongue to move to the same final position, aimed toward the thumb against the forefinger, the forearm supinated the left canine. Starting postures for three example trials such that the hand turned toward the face, the elbow are shown; a similar final posture was obtained on all and shoulder joints rotated to bring the hand smoothly 72 trials tested. to the mouth, and the mouth opened. This complex Figure 3 shows the results for another example site. stimulation-induced movement occurred on every trial Stimulation at this site evoked a final posture of the arm and began at a short latency after the stimulation (Ͻ33 and hand including a partial flexion of the elbow. When ms, within one video frame).
the arm was fully outstretched, stimulation caused the Stimulation at this site did not specify a single direcelbow to flex to its final posture. When the elbow was tion of arm movement, but rather a final posture of arm, fully flexed, stimulation caused it to extend to the final hand, and mouth. As shown in Figure 1 , different direcposture. Were these different directions of motion inititions of arm movement could be elicited depending on ated by activity in different muscles? That is, can stimuthe starting position of the hand. When the stimulation lation of one site in cortex activate different muscles was applied for 1000 ms, the monkey moved the hand depending on the starting position of the arm? To anto the mouth and then usually froze with the hand at swer this question, we probed the electromyographic the mouth and the mouth partially open until the end of (EMG) activity of upper arm muscles. Figure 3 shows the stimulation. Stimulation for 100 ms caused a trunthe EMG activity evoked by a 100 ms stimulation train while the arm was relaxed and held in either an extended cated movement of the hand, arm and mouth that may Figure 4A shows the average of 12 stimulation trials, aligned on the end of and then to confirm that the body part moved convergently toward one final position. This assessment was the movement. The smooth increase and then decrease in velocity as the hand approached the mouth is characoften impossible for sites in the face representation, for which the facial muscles contracted. These evoked teristic of a skilled reach (Morasso, 1981). Figure 4B shows the average of 20 spontaneous movements of movements may have corresponded to meaningful facial expressions, but we did not classify them as posthe hand to the mouth, such as when the monkey around the obstacle in a goal-directed fashion but inbrought food to the mouth. The velocity profile of these stead was stopped and remained pressing against the spontaneous movements was similar to that of the stimobstacle until the end of the stimulation. ulation-evoked movements.
Finally, six sites were tested before and during anesAlthough the stimulation-evoked movements were thesia (see Experimental Procedures). We used a mixsimilar to the monkey's spontaneous movements, they ture of ketamine (10 mg/kg) and acepromazine (0.1 mg/ were not simply spontaneous movements that hapkg) injected IM. For three of the sites, we also added pened to occur around the time of the stimulation. The IV sodium pentobarbital (2 mg/kg). After the monkey evoked movements could be distinguished from spontabecame anesthetized, the complex stimulation-evoked neous movements in the following ways. movement could still be obtained, although the moveFirst, the evoked movements occurred consistently ment was always weaker and less consistent. For the at a short latency after the stimulation (Ͻ66 ms, or within two hand-to-mouth sites that were tested in this fashion two video frames, for most sites). These short latencies (one tested with ketamine and acepromazine, the other match those reported previously (e.g., Donoghue et al., tested also with sodium pentobarbital), all components 1992).
of the movement were observed under anesthesia: the Second, the evoked movements were often in opposishaping of the hand into a grip posture, the movement tion to the expected natural movements of the monkey. If of the arm toward the mouth, and the opening of the the monkey was actively reaching toward a fruit reward, mouth. stimulation would cause the monkey to abort its reach and bring the hand to the evoked posture; when the stimulation ended, the monkey's arm was released from
A Map of Hand Locations
Within the large arm and hand representation, the stimuthe posture, and he would reach again for the fruit reward. If the fruit was already in the monkey's hand, lation-evoked postures were organized across the cortex to form a map of hand positions in space. Eight normally he would put it immediately in his mouth; if stimulated, however, he would first move the hand to example postures from different locations in the map are shown in Figure 5 . An especially complex posture the evoked posture; when the stimulation was ended, the monkey would then put the fruit in his mouth. During is shown in Figure 5C . The monkey turned its hips toward the left and appeared to reach with the left hand and stimulation, when an obstacle was placed between the hand and the final position, the hand did not move foot toward a common location in lower space. We found that the current threshold for evoking a twitch fined as follows: contralateral ϭ 6 to 18 cm contralateral to midline, was especially low at these sites, typically less than 12 central ϭ within 6 cm of midline (central 12 cm of space), ipsilateral ϭ 6 to 18 cm ipsilateral to midline.
A. The low threshold in this part of the map appears to reflect the emphasis on finger and wrist movements, which generally required less current to evoke than arm was embedded in a larger, rough map of the monkey's movements. This subregion of the map roughly correbody. At more ventral sites, the mouth was recruited.
sponds to the primary motor representation of the hand. At more dorsal sites, the leg and foot were recruited.
One possible reason for the emphasis on finger, wrist, We obtained this same rough map of body parts whether and forearm movements within this part of the map is we used short (100 ms) stimulation to evoke muscle that it represents the space directly in front of the chest twitches or longer (500 ms) stimulation to evoke coordiwhere monkeys tend to manipulate objects with their nated movements. That is, in both cases, the same body hands. parts were affected. The somatotopy that we found matches the previously reported, crude somatotopy in Defensive Movements Evoked from Bimodal Sites the precentral gyrus (e.g., Penfield and Boldrey, 1937;  In addition to its motor output, the precentral gyrus also Woolsey et al. Figure 8A . Before electrical stimulation, we studied single neurons and multineuron activity at this site. When this is possible, we suggest that it is probably not the case. Instead, we suggest that the stimulation evokes the eyes were covered, the neurons responded to touch on the left arm. When the eyes were uncovered, the a specific motor plan devoid of any sensory component or emotional valence. Three observations support this neurons also responded to the sight of objects near and approaching the arm. When this cortical site was view. First, the evoked movement occurs at a latency of less than 33 ms, probably too short a time for the electrically stimulated, the arm moved rapidly to a posture behind the monkey's back. This pairing of a remonkey to respond to a sensory percept. Second, after each stimulation, as soon as the stimulation train ended, sponse to nearby objects approaching the arm with a motor output that withdraws the arm suggests that these the monkey returned to a normal resting posture or to feeding itself pieces of fruit. In contrast, when the monneurons help to guard the arm from an impending threat. Regardless of the initial position of the arm, stimulation keys were made to flinch by presenting threatening stimuli to the side of the face, we found that they did not always evoked this final "guarding" posture.
A second example is shown in Figure 8B . When the return to a quiet resting posture after the sensory stimulus was removed. Instead, they behaved in an agitated eyes were covered, the neurons at this site responded to touching the left temple. When the eyes were open, fashion and continued to defend the threatened part of the body. Third, we found that the same defensive the neurons responded to the sight of objects in the space near the temple. Electrical stimulation of this site movements could be elicited from an anesthetized monkey that did not react to any sensory stimuli (see Expericaused the left eye to close entirely, the right eye to close partially, the face to contract into a grimace, the mental Procedures). Taken together, these findings suggest that the stimulation-induced defensive movements head to turn toward the right, the left arm to extend rapidly into the upper left space, and the left hand to do not operate indirectly by way of a sensory percept, but instead directly activate a motor output. turn such that the palm faced outward. (For these tests, the head bolt was loosened, allowing the head to turn Bimodal, visual-tactile responses were found at 50 sites in the two monkeys. For all of these sites, the to the right or left.) That is, stimulation caused the monkey to mimic the actions of flinching from an object near evoked postures were consistent with flinching, avoiding, or defending against an object located in the bimodal the side of the head and thrusting out a hand to fend off the object.
receptive field. The bimodal sites therefore may be part side, and the hand turns outward. This degree of coordination across so many joints, to produce a behaviorally meaningful movement, is unlikely to occur by chance coactivation of muscles. Second, the movement of the hand appears to follow the distinctive velocity profile of a normal reach. This smooth velocity profile through space is thought to result from a complex coordination of timing and force across different joints (Morasso, 1981; Bizzi and MussaIvaldi, 1989).
Third, stimulation evokes a systematic map of hand position across cortex. This map is difficult to explain by an abnormal scrambling of neuronal signals. Instead it suggests that the stimulation technique, just as in the oculomotor, visual, and somatosensory systems, has uncovered a meaningful, functional organization. We interpret these results cautiously, however. Each site in cortex may ultimately influence a range of movements, and electrical stimulation might evoke only the most strongly represented movement. 
Muscle Twitches versus Complex Movements
We were able to replicate the common finding that brief stimulation trains evoke muscle twitches. Complex and of a specialized sensory-motor pathway that detects coordinated movements unfolded only with stimulation and locates threatening objects near the body and spectrains on a behaviorally relevant time scale. For some ifies the appropriate postures to defend the body. The sites, we also varied other stimulation parameters, such bimodal neurons may have other functions as well, but as the frequency (between 50 and 400 Hz), the current defense of the body appears to be a major function.
amplitude (between 25 and 150 A), and the type of pulse (biphasic versus cathodal) and found similar results. The duration of the stimulation train appeared to Discussion be the critical factor distinguishing a complete, coordinated movement from a truncated movement or twitch. Res. 58, 311-316. Tactile receptive fields in premotor cortex were usually larger, for example including the hand and arm.
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